Conduction electron spin lifetimes ͑T 1 ͒ and spin coherence times ͑T 2 ͒ are strongly modified in semiconductor quantum wells by electric fields. Quantitative calculations in GaAs/ AlGaAs quantum wells at room temperature show roughly a factor of 4 enhancement in the spin lifetimes at optimal values of the electric fields. The much smaller enhancement compared to previous calculations is due to overestimates of the zero-field spin lifetime and the importance of nonlinear effects. DOI: 10.1103/PhysRevB.72.161311 PACS number͑s͒: 72.25.Rb, 72.25.Dc The emerging field of semiconductor spintronics concerns the encoding, manipulation, and detection of coherence in the spin degree of freedom of mobile electrons in semiconductors.
The emerging field of semiconductor spintronics concerns the encoding, manipulation, and detection of coherence in the spin degree of freedom of mobile electrons in semiconductors.
1,2 Configuring a semiconductor material in a quantum well ͑QW͒ or other artificial structure can shorten or lengthen both the decay time of a nonequilibrium spin polarization ͑spin lifetime T 1 ͒ and the decay time of a coherent phase relationship between spin-up and spin-down eigenstates ͑spin coherence time T 2 ͒. 1, 3, 4 Electron spin coherence times are sensitive to carrier densities [5] [6] [7] and electric fields. 8 A series of calculations has suggested that an electric field ͑F͒ can dramatically lengthen spin lifetimes in ͑001͒ QWs for spins oriented along either the ͑110͒ or ͑110͒ directions. 9, 10 Similar considerations have led to the proposal of coherent diffusive spin rotation in QWs. 11, 12 These calculations rely on perturbative models of the spin precession vectors in zincblende semiconductor QWs, where the F =0 splittings are the sum of linear and cubic terms in the electron crystal momentum K and the splitting proportional to the electric field ͑Rashba Hamiltonian͒ 13, 14 is also linear in K.
Here, we report detailed calculations of spin lifetimes ͑T 1 ͒ and spin coherence times ͑T 2 ͒ in several GaAs/ AlGaAs QWs at room temperature as a function of electric field. These calculations are performed using a fourteen-band electronic structure theory 15, 16 which treats the spin precession vectors nonperturbatively ͑to all orders in K͒. We find that the Rashba spin splitting deviates from a linear dependence on K for energies within about 100 meV of the band edge. We also find that the room-temperature electric-field-induced enhancement in the spin lifetime, for QWs between 50 Å and 150 Å, is only a factor of 4, which is much smaller than that obtained from the previous calculations based on perturbative, linear approximations. 9, 10 We further find that the electron spin lifetimes and spin coherence times can be strongly influenced by an electric field, yet even for surprisingly large electric fields ͑Ͻ100 kV/ cm͒, the spin decoherence is dominated by the effective internal magnetic field from the bulk inversion asymmetry. This is a very different result than has been obtained in earlier calculations that ignore the nonlinear dependence of the pseudomagnetic fields on crystal momentum.
The Hamiltonian for bulk semiconductors in the presence of an external electric field is
where m e is the free electron mass, c is the velocity of light, e is the elementry charge, p is the electron momentum operator, V͑r͒ is the periodic crystal potential, is the Pauli spin operator, and V ext ͑r͒ = eF · r is the scalar potential generated by the external electric field F. The Schrödinger equation for heterostructure superlattices ͑SLs͒ is written as
and the SL Hamiltonian Ĥ SL is given by
where Ĥ i is the crystal Hamiltonian of the ith layer ͓Eq. ͑1͔͒ with parameters tabulated in Ref. 16 , N layer is the number of layers in the SL unit cell, ͉L , S , K͘ is the SL eigenstate for a carrier with wavevector K, pseudo spin quantum number S ͕↑ , ↓ ͖, and band index L, and E LS ͑K͒ is the corresponding SL eigenenergy. To obtain ͉L , S , K͘ and E LS ͑K͒, we first solve the Schrödinger equation ͓Eq. ͑2͔͒ at the zone center in which the SL wave vector K = 0. The solution,
where ͉n , , 0͘ are the corresponding zone-center Bloch states of the constituent bulk semiconductors and the expansion coefficients F NSn ͑r͒ are slowly varying envelope functions on the scale of the constituent bulk semiconductor lattice constant. The zone-center SL wavefunctions and energies are found as described in Ref. 16 , Sec. III B.
Once the zone-center SL eigenstates and eigenenergies have been determinted, the SL states for K 0 can be obtained by application of a generalized SL K · p theory. A SL state ͉L , S , K͘ at finite K is expressed in terms of the zone-center SL states as ͗r ͉ L , S , K͘ = exp͑iK · r͚͒ NS C LSNS ͑K͒ ϫ͗r ͉ N , S , 0͘, where C LSNS ͑K͒ are the expansion coefficients. By inserting ͗r ͉ L , S , K͘ into Eq. ͑2͒, multipling the resulting equation on the left-hand side by exp͑−K · r͒͗N , S , 0 ͉ r͘ and integrating over a SL unit cell, we have
where
Spin splitting at finite crystal momentum in zincblende QWs occurs even without an external magnetic field due to the combined effects of spin-orbit interaction and spatial inversion asymmetry. This spatial inversion asymmetry can arise from the bulk inversion asymmetry ͑BIA͒ of the constituent semiconductors as well as the structural inversion asymmetry ͑SIA͒ of the QWs. The effect of the spin splitting on electrons can be described with an effective momentumdependent internal magnetic field acting on the spins. If the bulk Bloch functions in Eq. ͑5͒ are inversion asymmetric ͑a property the fourteen-band basis preserves, but the eightband basis does not͒, then both the BIA and SIA contributions to this internal magnetic field emerge naturally from solving Eq. ͑5͒ without additional assumptions. The field
is the Bohr magneton, and g is the electron g-factor. The components of the spin precession vector ⍀͑L , K͒ are given by the following relations:
where the magnitude of the spin precession vector is given by
The spin precession vector can be decomposed into ⍀͑L , K͒ = ⍀ ͑D͒ ͑L , K͒ + ⍀ ͑R͒ ͑L , K͒ according to its symmetry, where ⍀ ͑D͒ ͑L , K͒ and ⍀ ͑R͒ ͑L , K͒ are the momentum-dependent spin precession vectors due to bulk inversion asymmetry and structural inversion asymmetry, respectively. Although many analyses of these spin splitting fields focus on the K-linear terms, here we keep terms to all orders.
In the linear approximations, both ͓⍀ 1 ͑D͒ ͑L , E͔͒ 2 and ͓⍀ 1 ͑R͒ ͑L , E͔͒ 2 are assumed proportional to E for all energies. 19 In addition, the nonlinear ⍀ 3 ͑D͒ ͑L , E͒ and ⍀ 3 ͑R͒ ͑L , E͒, are neglected in other analyses. Depending on the size of the quantum well, these two terms can become dominant. The importance of these nonlinear effects was pointed out in symmetric quantum wells. 15 Multiband calculations for asymmetric quantum wells have been done, but as a function of asymmetric doping, not as a function of an applied electric field, 17, 18 and the approach used to evaluate spin lifetimes is limited to zero temperature. 18 Electron spin relaxation near room temperature is dominated by the D'yakonov-Perel' ͑DP͒ mechanism. 3, 5, 20 Rapid scattering from K to KЈ converts the K-dependent field of Eqs. ͑6͒ into a time-dependent, randomly oriented effective internal magnetic field H͑L , E͒ that changes direction with an orbital scattering time ͑L , E͒. At any instant in time, a spin polarization decays due to random precession in the random effective magnetic field perpendicular to the spin orientation. For a precessing population, that direction is not fixed in time and it is helpful to express T 1 and T 2 in terms of the components of the random magnetic field H Ќ ͑L , E͒ and H ʈ ͑L , E͒, which are transverse and longitudinal to H o respectively. Thus
where When an external electric field is applied along the growth direction ͑F ʈ ẑ͒, the breaking of structural inversion symmetry results in modification of the effective internal magnetic field through both the BIA and SIA terms ͓Figs. 1͑c͒-1͑f͔͒. ͓⍀ x,1 ͑D͒ ͑1,E͔͒ 2 increases as F increases, and it also increases with increasing L w ͓cf., Figs. 1͑a͒-1͑d͔͒ cancellation of the BIA and SIA field is possible for any individual K, cancellation of the BIA field and the SIA field for all K at a single electric field is not possible. Both T 1 and T 2 are more responsive to the electric field for wide QWs ͓i.e. ͑dT 1,2 / dF͒ increases as L w increases͔, and this can be seen by examining the change in ⍀ x,n ͑1,E͒ with F ͓cf., Figs. 1͑a͒-1͑d͔͒ . For example, the change in ⍀ x,1 ͑D͒ ͑1,E͒ from zero field to 100 kV/ cm is much larger for performed using Eqs. ͑7͒. To examine the electric field dependence of spin lifetime and spin coherence time with applied magnetic field along the growth direction, T 1 and T 2 as a function of F are calculated for a 50 Å, a 75 Å, and a 150 Å QWs at 300 K, and the results are shown in Figs. 3͑a͒ and 3͑b͒, respectively. For the DP mechanism, the spin lifetime, and spin coherence time are inversely proportional to the square of the effective internal magnetic field; 20 and consequently both the spin lifetime and the spin coherence time decrease with increasing electric field due to the increase of the total effective internal magnetic field with electric field.
We find that the spin-lifetime enhancement originates from the destructive interference between the BIA and SIA effective internal magnetic fields due to the symmetry breaking of structural inversion symmetry in the presence of an electric field. We also find that the calculated enhancement of the spin lifetime is much smaller than that of the previous calculations based on perturbative approaches, 10 in which the zero-field spin lifetime is overestimated and the nonlinear effects are not taken into account. To investigate the electricfield-induced enhancement in the electron spin lifetime, 9 T 1 as a function of F for three QWs of different thickness is calculated for an applied magnetic field parallel to the inplane direction and the results are shown in Figs. 3͑c͒-3͑e͒. As expected the calculated spin lifetime is identical for H o ʈ ͓100͔ and H o ʈ ͓010͔ due to the crystal symmetry of ͑001͒ QWs, and T 1 decreases with increasing F. The electric field dependence of T 1 for H o ʈ ͓110͔ is similar to that for H o ʈ ͓100͔, and the spin lifetime is shorter for H o ʈ ͓110͔ than for H o ʈ ͓100͔. For H o ʈ ͓110͔, T 1 increases as F increases, reaching a maximum value ͑T 1 ͑max͒ ͒ and then it decreases as F further increases; i.e., BIA dominates at low field while SIA dominates at high field. T 1 ͑max͒ sets the upper limit for electrical tuning of spin lifetime; and T 1 ͑max͒ → ϱ as ⍀ n ͑L , E͒ → 0. The spin-lifetime enhancement factor ͓T 1 ͑F͒ / T 1 ͑0͔͒ decreases as L w increases, and the maximum enhancement factor for a 50 Å, a 75 Å, and a 150 Å QW is approximately 3.8, 2.0, and 1.2, respectively.
In the presence of an electric field, we find that spin decoherence depends on both the BIA and SIA effective internal magnetic fields, and the spin decoherence is dominated by the BIA terms at low field, while it is dominated by the SIA terms at high field. To study the effects of the BIA and the SIA effective internal magnetic fields on spin decoherence ͑as opposed to spin lifetimes͒, the decoherence rates ͑T 2 −1 ͒ as a function of F for a 75 Å QW due to BIA and SIA are calculated separately, and the results as well as the total decoherence rate are plotted in Fig. 3͑f͒ . It can be seen that the spin decoherence is dominated by the BIA effective internal magnetic field for an electric field as high as 100 kV/ cm, and crossover occurs at approximately 150 kV/ cm. The value of the crossover decreases as L w increases, and the crossover for a 50 Å and a 150 Å QWs occurs at approximately 250 kV/ cm and 120 kV/ cm, respectively ͑not shown͒.
In summary, we have studied quantitatively the electric field dependence of room-temperature electron spin coherence in ͑001͒ GaAs/ AlGaAs QWs using a nonpertubative 14-band electronic structure theory. We find that both the BIA and SIA effective internal magnetic fields are electricfield dependent. The electron spin lifetime and spin coherence time are strongly influenced by an electric field. Even for moderate ͑Ͻ100 kV/ cm͒ electric fields, the spin decoherence is dominated by the BIA effective internal magnetic field. At optimal electric fields, the enhancement factor of spin lifetime for GaAs/ AlGaAs QWs between 50 Å and 150 Å is approximately four. Finally, a technique developed by Kato et al. 21 can be used to observe the predicted enhanced spin lifetime, in which the in-plane spins are generated using current-induced spin polarization and the spin characteristics are probed by time-resolved Faraday or Kerr rotation.
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